Polycrystalline specimens of copper have been fatigued in reverse bending, in a vacuum at 405 ~C at a maximum strain amplitude of 0"0440/0 . A specimen tested to 0.07°0 of its expected life gives neutron scattering which is isotropic and identical to that of an unfatigued specimen, and which can be attributed to surface oxides. A specimen fatigued to 25°0 of its expected life gives a larger scattering, which is anisotropic. This is attributed to faceted pores at grain boundaries resulting from the high-temperature fatigue. The quantitative results indicate the presence of pores smaller than those so far observed in the electron microscope.
Introduction
Small cavities or voids nucleate and grow on the grain boundaries of a number of metals and alloys deformed at temperatures above about 0.4 times the (absolute) melting temperature. Since Greenwood (1952) first reported this phenomenon, grain-boundary cavitation has been observed in a large number of metals and alloys, e.g. copper, magnesium, nickel, brass, various ferritic and stainless steels. Most studies of grain-boundary cavitation have been carried out with optical microscopy, which limits observations to voids which already have grown to a size of the order of one micron. Transmission electron microscopy has been used in a number of investigations into earlier stages of void growth (Fleck, Taplin & Beevers, 1975; Johannesson & Th/51en, 1972) . However, even in these studies the voids appear to have reached a size of several tenths of a micron.
Little is known about the nucleation and beginning stages of void growth. Voids have been seen to form at grain-boundary particles in an alloy (Fleck et al., 1975) and it is generally observed that the extent of cavitation decreases as the purity of the material tested increases. However, it is not clear whether voids in a pure material are nucleated at impurities on the grain boundaries, starting life with a size comparable to the nucleating particle, or if they grow from much smaller dimensions. It appears that small-angle neutron scattering would be an excellent tool to study void formation in the earliest stages. It could provide statistical data through a bulk specimen; studies with microscopic techniques have shown that there is great variability in size distribution and location of these voids, so that it is difficult to obtain representative information. This study is a test of these possibilities.
Experimental
Specimens were made by rolling 99"999~o pure copper rod at ---77 K in stages to approximately a 40~ reduction in area, then annealing in purified argon for 16 h at 415°C and 8 h at 500 °C. The resulting grain size was 200_+ 50/am. Two specimens were fatigued in reverse bending at 405°C (one half the melting temperature) with a maximum strain amplitude on the surface (0.78 mm from the neutral axis) of 0-044%. Fatiguing was carried out in a vacuum of better than 10-s torr at a frequency of 1000 c.p.m. One specimen, which is hereafter referred to as Cu(2), was fatigued for 104 cycles, which is 0.07°,o of the expected fatigue life. Another specimen, Cu(1), was fatigued through 3.63 × 106 cycles, or approximately 25°o of the fatigue life. A control specimen, Cu(3), was given the same rolling and initial heat treatment but was not subjected to fatigue.
The small-angle neutron experiments were carried out on the new D 17 instrument at the lnstitut Laue-Langevin, with a wavelength of 10-78 ,~ obtained with a velocity selector at the exit of a cold-neutron guide tube (the wavelength spread was ,--10°o). This equipment covers the range 5 × 10-3 A < q < 1.0 ,~-1 with a planar multi-detector which has up to 16000 separate counting cells:in this case these were grouped to provide 4000 cells each 1 x 1 cm. In these experiments the detector was 2.82 m from the specimen and data were obtained at intervals Aq of ---2 x 10-3 A-~, which is the resolution of the instrument. All data were corrected for the counting efficiency of each cell. and for background as follows:
where Tis the transmission factor, I~ is the intensity without a specimen, and Iz is the intensity with a cadmium absorber replacing the specimen. (Thus I1--12 is the background intensity attenuated by the specimen.) The measured values of T were employed, and these agreed to within 1"57o of the calculated values.
Both incident and scattered beams were in evacuated flight paths• Instrument control, data acquisition and reduction were implemented with a PDP-I1-40 minicomputer. The intensity of the incident beam, 5.4 x 105 n cm-2 s-~, was determined with four 0-5 mm thick plates of vanadium and the incoherent scattering cross section, 5-06 barns (International Tables for X- ray Crystallography, 1974) . The irradiated area of the gauge length of each specimen was 0-5 cm 2, and each was measured for ,-~ 1 h, to give ~ 3000 counts at the maximum in the scattering curve.
The scattered intensity vs q became essentially horizontal for q>6 x 10 -2 A -~. The intensity beyond this position (hereafter called Io~) was employed to calculate the incoherent scattering cross section of copper. The resulting values were 0-68_+0-06 barns, compared to the published value of 0.7 barns (International Tables for X-ray Crystallography, 1962) ; there are however larger reported values (International Tables, 1974) • Fig. 1 is a micrograph of the Cu(2) specimen fatigued through 104 cycles. The sample has been polished down to 0-66 mm from the neutral axis. At this depth the strain amplitude is 0-036%. A number of voids are already visible. The Cu(1) specimen fatigued to 25% of life is shown in Fig. 2 . The surface shown corresponds to the same strain amplitude as that in Fig. 1 . Note in both samples the diamond or square shape of the grains. Under fatigue the grain boundaries rapidly migrate from their initial random orientations to positions such that they experience maximum shear stress.
Results and discussion
The scattering from the unfatigued reference specimen [Cu(3)] and from Cu(2), fatigued to 0.07% of its life gave identical (isotropic) scattering, see Fig. 3 , so that there was no intensity detectable due to fatigue. This intensity is probably only due to the interface between the specimen and air (Roth, 1977) • (The interfaces between a very thin hydrated oxide layer and the air, and between the oxide and the copper both contribute.) Now the intensity at some position q in reciprocal space, I(q), in this experiment can be written:
where I0 is the incident intensity, I~ the intensity in the fiat tail of the scattering curve, t is the measuring time, s the exposed cross section perpendicular to the beam, e the sample thickness, dtr/df2 the differential scattering cross section per unit volume and At2 is the solid angle of each detector cell.
Also, from equation (8) in Roth (1977) , for the effect of surface layers:
Here AQ~ is the difference in scattering length density for the interface j and S~ is the area of that interface projected perpendicular to the beam. In this case N =4, as there are two interfaces on each of the two sides of the specimen. From equations (2) Thus at very low fractions of the fatigue life all the scattering can be attributed to surface effects. However, for Cu(1) fatigued to 25~o of its life, the scattering is higher (Fig. 3) and anisotropic ( Fig. 4 ), suggesting that there are indeed voids and that they are faceted. The grain boundaries have specific orientations after fatigue (see above), and the anisotropic scattering could arise from faceted pores at boundaries, oriented with respect to these boundaries. While the shape of the scattering in Fig. 4 suggests that the voids are cuboidal, weak streaks due to other shapes may not have been detected. In electron microscopic examinations, the voids often appear to be bounded by low-index crystallographic planes. This scattering was averaged in circles around the direct beam and then the difference (11-ll~)-(Ia-13~) was formed. As can be seen in Fig. 3, this From an intercept analysis with an optical microscope, there was 120 cm z of grain boundary area per cm 3. If it is assumed that all the pores are at grain boundaries, these values and the two void sizes lead to a number of pores per unit of grain boundary area ranging from 3 × 109--9 x 10 9 and a pore spacing along the grain boundaries of 0.1-0.2 pm. These results cannot be compared in detail to those from transmission electron microscopic studies, because, as already mentioned, there is such large variability in size, location and distribution. However, in general, pores have been seen that range in size from a few tenths of a micron to several microns and are clustered, with a spacing of a few tenths of a micron. This spacing is similar to what was obtained from SANS, but with the latter technique smaller pores are apparent. Neutron scattering from fatigued single crystals is now being examined to confirm that the smaller voids do form only at grain boundaries, as has been assumed here.
